The catalytic activity of H 3 PMo 12 O 40 (PMO) was enhanced by a chemical reduction treatment (CRT) and a subsequent electrochemical reduction treatment (ERT) with the hydrogen pump method for use in the hydrogen oxidation reaction in fuel cells, and the underlying mechanism was discussed. Both CRT and ERT with the hydrogen pump method can eliminate the suspicion that the improved catalytic activity was only due to precipitation of Pt in the vicinity of the catalyst. Catalyst of excellent quality was produced by keeping the anode containing PMO at a negative potential vs. SHE in acid for a given period during ERT. The activity per weight of the PMO catalyst after ERT is about 20% that of Pt catalyst (20 wt.% Pt/Vulcan XC72), and the numerical value of activity will change further in the future depending on experimental conditions. The new catalyst works well even in strong acids. Furthermore, a Pt free H 2 -O 2 fuel cell using PMO and H 5 PMo 10 V 2 O 40 as the anode and cathode, respectively, was constructed.
Introduction

Motivation and significance of study
Proton exchange membrane fuel cells (PEMFC) can deliver extremely high performance at low temperatures (<100°C). However, they usually require expensive precious metal catalysts such as Pt, and high-cost membrane like Nafion μ . 1 Realizing highperformance fuel cells without these components could bring great changes to many technologies including automobiles.
In this work, we developed modified H 3 PMo 12 O 40 (PMO) as a new, low-cost anode catalyst for use in place of Pt in the fuel cell, using a liquid acid electrolyte instead of polymer. PMO is a large cluster anion called Keggin units, 2 and one of the heteropoly acids (HPAs) that are used widely as industrial catalysts. 3 Although this study still uses Pt as the cathode catalyst, several inexpensive cathodes are currently under investigation. 4 Furthermore, while HPAs could display different crystal structures, we only focus on the Keggin type with the A-form, which is the structure of PMO used here.
The motives for investigating PMO as a H 2 oxidation catalyst for fuel cells are as follows. (1) PMO generally has superior stability in acid in spite of being an oxide. 3 In fact, it is stable enough to be used for corrosion-resistant coatings. (2) The HPAs are Brønsted acids due to the lone pair orbitals on each surface O atom. They provide sites for H + and electrostatic force due to the high positive charge on Mo, thereby easily remove dissociated H atoms. [5] [6] [7] (3) A few research groups have reported H 2 evolution by HPAs after CRT or electrochemical reduction treatment (ERT) at room temperature.
Savinov et al. initially reported in 1981 that H 2 could be generated from the chemically reduced A-H 4 SiW 12 O 40 (SWO) in acids. 8 W is an element very similar to Mo, and therefore SWO and PMO are expected to have very similar properties. These authors thought that the reduced form of HPA directly led to hydrogen evolution. Following this idea, Keita and Nadjo studied several HPAs including PMO and SWO dissolved in 0.5 M H 2 SO 4 . 9,10 They accumulated HPAs on tiny glassy carbon electrodes (surface area ³0.07 cm 2 ), and observed strong evolution of H 2 near the potential of ³0 V vs. standard hydrogen electrode (SHE) at room temper-ature, after keeping the electrode potential at ¹1.2 V vs. saturated calomel electrode (SCE) for only 10 minutes. Using almost the same procedure, Savadogo et al. also reported the evolution of H 2 at near 0 V vs. SHE using electrodeposited Ni electrodes containing several HPAs, although the HPAs only served to supplement the Ni catalyst. 11, 12 Unfortunately, these reported cases of H 2 evolution with HPAs have been attributed to errors in the experiments. 13 Particularly in the results of Keita and Nadjo, it has been strongly suspected that the catalytic effect is due to the precipitation of Pt used in the counter electrode in the vicinity of the catalyst. [13] [14] [15] [16] Nonetheless, the Pt deposition cannot explain the observed intense hydrogen generation by electrochemical reduction treatment, which started after a very short time at room temperature. 9,10 Nishimura et al. recently reported that under similar experimental conditions, it takes several hours for the potential of the graphite anode to approach the hydrogen evolution potential (>¹0.2 V vs. SHE) due to Pt precipitation. 17 The reason for this time lag seems to be as follows. Sulfuric acid can dissolve Pt 2+ to some extent. 16, 17 However, since the Pt 2+ concentration starts from 0, its degree of supersaturation is low. As a result, it is considered that at large negative potential, H 2 generation on graphite electrode is more favorable than Pt precipitation, since nucleation is difficult in the latter due to the large interface energy of Pt particles. 9, [18] [19] [20] At medium negative potential, H 2 generation on Pt particles is also more favorable than Pt precipitation. Therefore, the results of Keita and Nadjo appear to show less effect of Pt precipitation. Furthermore, Savinov et al. mentioned similar H 2 evolution from chemically reduced SWO in experimental systems without Pt. Therefore, it is clear that Pt is not necessary in H 2 evolution from HPA. 8 However, in order to completely rule out the contribution of precipitated Pt, ERT should be carried out under conditions that do not allow clear precipitation of Pt.
On the other hand, there has been no report on using HPAs after ERT for H 2 oxidation, or using the product as an anode catalyst of fuel cells. According to the results of Keita and Nadjo, the catalytic activity of HPAs for H 2 evolution seems to be greatly improved by the application of a negative potential vs. SCE at room temperature. Here, by setting HPA to a negative potential, it is electrochemically reduced by adding H to the surface oxygen of the PMO. Hence, this step is termed electrochemical reduction treatment (ERT). It has been reported that the oxygen with added hydrogen can easily escape as H 2 O to form oxygen vacancies. 21 In fact, in the report of Eguchi et al. as described in the next section, electrochemical reduction clearly leads to oxygen vacancy formation. 22, 23 Furthermore, the results of this study show that the oxygen vacancies are apparently involved in the catalytic activity, as described in the latter half of the paper. That is, when the sufficiently activated catalyst was left in the air, the surface was partially oxidized and returned to its nearly original state.
The results of Keita and Nadjo are possible if the electrochemical reduction forms oxygen vacancies on the HPA surface, and the oxygen vacancies can greatly increase the catalytic activity. In general, for the oxide (for example, ZnO or MgO) surface to catalyze H 2 reversibly at low temperature, it is absolutely imperative for pairs of anions and cations to be exposed on the surface. 24, 25 Here reversibility means that the dissociation of H 2 is reversible on the oxide. In the case of an HPA with a Keggin structure, in the completely oxidized state, the surface is completely covered with oxygen. However, since it is an oxide, the oxygen anion and the transition metal cation are always adjacent to each other. The presence of oxygen vacancies on the surface allows the anion and cation pair to be exposed on the surface. Recent studies of H 2 dissociation indicate the possibility to trap H 2 and dissociate it heterolytically, if there is an oxygen to accept H + and a neighboring transition metal to accept H ¹ . [26] [27] [28] [29] Due to the presence of oxygen vacancies, H 2 H ¹ + H + becomes possible. Further, HPA is a strong Brønsted acid, so that the dissociated hydrogen on oxygen atoms can be easily moved into the solution as H + . Therefore, HPA with oxygen vacancies may enable the reversible conversion of H 2 H ¹ + H + 2H + + 2e ¹ at room temperature. Thus, oxygen vacancies on the surface of HPA will serve as active sites for the reversible splitting of H 2 in a solution.
1.2 Details of Keggin structure and the location of easy oxygen vacancy generation The Keggin structure has been described in literature. 30, 31 The 40 oxygen atoms in the Keggin unit are classified into three types by their bonding: four are bonded to the central P 5+ (denoted as O p ), 24 to two Mo 6+ (O b ), and 12 to only one Mo 6+ (O t ). The 24 O b atoms are usually further divided into two groups, 12 O b1 (or O b ) and 12 O b2 (or O c ), according to their distance from the central atom. Nevertheless, all O b atoms exist on the surface of the cluster and have nearly the same local atomic arrangements. Furthermore, the Fourier transform infrared spectroscopy (FTIR) results from Eguchi et al. showed that the O b1 and O b2 atoms behave in the same manner during electrochemical reduction and heat treatments afterwards. 22 Hence, in the present work we do not distinguish them.
Next, we describe the location of the oxygen vacancies, which are the most easy to generate. Eguchi et al. reported that the 24 bridging O b atoms sandwiched between Mo on the surface of the PMO molecule are only active in the electrochemical operation and can easily escape as oxygen vacancies. Moreover, they found that oxygen vacancies on PMO were formed not at room temperature, but only after the heat treatment at above 200°C and the elimination of OH as H 2 O. 22, 32, 33 Therefore, further investigation is required to prove that oxygen vacancies are involved in the catalytic function of hydrogen.
Purpose of this research
As mentioned above, Keita and Nadjo reported that PMO or SWO modified by ERT can evolve hydrogen at a potential below 0 V vs. SHE in a pH ³ 0 solution at room temperature. With the same treatment, PMO should also be able to oxidize H 2 fuel at a potential above 0 V vs. SHE in pH ³ 0 solution at room temper-ature. On the other hand, the reason why Savinov et al. could use CRT to modify SWO to achieve hydrogen evolution would be the same as in the ERT method. In the case of the CRT method, a reduction state is formed in a target sample by using a metal with a lower redox potential than the sample. The oxidation of the metal in an acidic solvent releases electrons, and HPA, which has a higher redox potential than the metal, is reduced by receiving electrons. The CRT method may not change the reduction mechanism of ERT, in which the reduction state is realized while controlling the potential of the sample from the outside. However, the effect of the reduction treatments will be very different. To understand the relationship between CRT and ERT more deeply, it is desirable to measure these samples after separate treatments under the same conditions.
In the present study, we adopt the following treatment strategy for PMO. Since H 2 prefers hydrophobic surfaces, the catalyst is adsorbed on activated carbon to create hydrophobicity. The electric conductivity of PMO is not high, so it is enhanced with activated carbon. 3, 34 To activate the PMO catalyst, oxygen atoms should be removed from its surface, which will be accomplished by CRT and subsequent ERT by lowering the potential of PMO for a period with the passing of high electric currents. The PMO should contact the electrode throughout the process for precise potential measurement. To effectively treat the catalyst in an electrochemical process, the hydrogen pump method 35 and a constant voltage supply with the Ag/AgCl reference electrode were used. In this short-time treatment, the hydrogen pump method forcibly applies an overvoltage at a potential centering around 0 V vs. SHE, and therefore Pt deposition on the catalyst can be maximally suppressed. In the case of the hydrogen pump method, although it is necessary to use a Pt catalyst for the cathode, Pt particles 1 nm or larger in size never dissolve if the potential during modification is at 0.6 V vs. SHE or less. 19 When the average particle diameter of the Pt catalyst used is sufficiently large, the amount of dissolved Pt will be very small. Therefore, the experimental results clearly indicate only the contribution from the PMO after ERT.
Below we report the treatment process, and the performance of the treated PMO as the anode catalyst in acid-based fuel cells at room temperature. The experimental results are consistent with the hypothesized mechanism. The cause of H 2 dissociation at room temperature and the treatment process itself are also discussed. Furthermore, the PMO activation methods without using Pt for the cathode were explored.
Experimental
Chemicals
PMO and H 5 PMo 10 V 2 O 40 were supplied by Nippon Inorganic Color & Chemical Co. Ltd. Their IR spectra and the X-ray diffraction (XRD) patterns agreed with the literature results. Nearly pure H 2 gas (H 2 95%, N 2 3.9%, O 2 1%) was supplied by Taiyo Nippon Sanso Gas & Welding Corporation.
Electrode preparation
A gas-diffusion electrode was used for both reduction treatments and electrochemical measurements. It was prepared with two layers of carbon paper substrate (Toray TGPH-090) and a catalyst layer. The carbon paper (area: 6.6 cm 2 ) first underwent hydrophobic treatment. To produce the PMO-containing catalyst layer, PMO was absorbed on activated carbon powder (10 wt.% PMO) in acetone with Al metal pieces, 36 and then mixed with Nafion μ (5 wt.% solution, DuPont) and water. The PMO changed from yellow to blue in color when dissolved in acetone with Al metal pieces as CRT, indicating that it was reduced to form Mo 5+ with H added on the oxygen atoms accompanied by the Al oxidation. 2, 8, [37] [38] [39] The mixture was cast onto the carbon paper in a layer 0.1-0.4 mm thick. For the Electrochemistry, 87(6), 348-356 (2019) Pt-based catalyst layer, 20 wt.% Pt on Vulcan XC-72 carbon powder (PK Catalyst, Pt surface area: 100 m 2 /g, average Pt particle diameter: 2.8 nm) was used instead. 40 Figure 1 shows the cross section of the custom-made electrochemical cell used for both ERT and the electrochemical measurements. The current collectors were gold-plated stainless steel. In the treatment experiments, the anode catalyst was PMO and the cathode catalyst was Pt. Here, the anode and the cathode correspond to the anode and the cathode when this device is used as a fuel cell, respectively. In this paper, the anode means the negative electrode and the cathode means the positive electrode. Nearly pure H 2 gas (1 atm) was fed at the rate of >10 mL/min through both the anode and cathode sides, by connecting the anode outlet with the cathode inlet. Because PMO is an oxide and stable in the air, the 1% O 2 impurity in the H 2 has no significant effect. This style of flowing H 2 through both sides is usually called the hydrogen pump method. 35 In this work, it will be denoted as the HP mode (anode: 0.95 atm H 2 , cathode: 0.95 atm H 2 ). This assures the nearly constant condition of the electrolyte (1 M H 2 SO 4 ) during ERT, when the electric voltage is applied by a power source (A & D Co. Ltd., AD-8723D) between the electrodes, because only H + passes through the electrolyte during ERT.
Apparatus for ERT and electrochemical measurements
To measure the current-voltage (I-V) characteristics, 95% H 2 gas at 1 atm was fed at the rate of >10 mL/min through the tube on the anode side, and a sufficient amount of air at 1 atm was fed through the holes on the cathode side. Highly reproducible I-V data were obtained by carefully supplying each gas at a constant pressure. This will be denoted as the FC mode hereafter (anode: 0.95 atm H 2 , cathode: 1 atm air). Since PMO is stable in aqueous solution only at pH lower than 3, an acidic solution was used as the electrolyte. 39 In order to prevent short circuit between electrodes separated by the acid electrolyte, 1-3 pieces of filter paper (0.3 mm thick each) were inserted into the electrodes. The cell currents were controlled by resistors. A custom-made Ag/AgCl reference electrode joined through the salt bridge was used to measure the electrode potentials. The I-V measurement time is less than 10 minutes. The electrolyte is also exchanged when the sample is replaced.
All measurements were performed at 20°C. The measured anode and cathode potentials vs. Ag/AgCl reference electrode were converted into vs. SHE. In the case of using nearly pure H 2 gas and 1 M H 2 SO 4 electrolyte, the experimental error was estimated as the potential displacement from that of SHE to be ³1 mV by the Nernst equation. Figure 2 shows the anode potential of PMO after CRT, the Pt cathode potential, and the cell voltage as functions of cell current measured by the FC mode. First of all, we briefly comment on the results for the Pt cathode, in order to demonstrate the performance of the apparatus and to examine the behavior of the reaction on the cathode of fuel cells. As the cell current increased, the cathode potential decreased gradually mainly due to the oxygen reduction reaction (ORR) on the Pt catalyst, as shown in Eq. (1).
Results and Discussion
Anode potential of PMO after CRT
where H + and e ¹ are supplied by the anode through the electrolyte and the external circuit, respectively. The cathode potential was lower than the standard potential of ORR (1.23 V vs. SHE), due to the mixed Pt/PtO catalyst surface, H 2 crossover through the thin electrolyte layer, 41 and the low oxygen concentration when using open air (O 2 : 0.21 atm) through a thick catalyst layer (0.1 mm) in the liquid electrolyte. The cathode potential changes reversibly when the cell current increases or decreases. As shown in Fig. 2 , the anode potential changes significantly, and displays a hysteresis when the cell current is tuned in opposite directions. The anode can supply the required current to the cathode, and so the cathode potential in Fig. 2 may not be affected by current shortage. Anyway, the PMO catalyst after CRT always functions as an anode of the fuel cell. Electrochemistry, 87 (6), 348-356 (2019) The initial anode potential (cell current: 0 A) in Fig. 2 is near 0.3 V vs. SHE, which is much higher than 0 V vs. SHE. However, hydrogen oxidation by H 2 fuel according to the following Eq. (2) is the only possible reaction that can supply current to the cathode at all times, considering the amount of the PMO catalyst.
On the other hand, Pt on the cathode cannot be deposited on the anode during I-V measurement. Therefore, there is no possibility for the catalytic effect of Pt to cause hydrogen oxidation at the anode in Fig. 2 .
As mentioned in the Introduction, Savinov et al. reported hydrogen evolution at room temperature from the reduced forms of SWO after CRT. Even in the case of PMO, it is not surprising that hydrogen oxidation occurs at room temperature and in the presence of H 2 at a potential of 0 V or higher vs. SHE as a result of CRT. Therefore, the initial anode potential will be the mixed potential of the hydrogen oxidation reaction and the redox reaction of the PMO after CRT as explained below. A, B, and C shown in Fig. 2 indicate the three inherent redox potentials of PMO vs. SHE in acids. 22, 32 Figure 3 summarizes the results from Eguchi et al. 22, 23 and Itabashi et al. 42 for the four inherent redox potentials due to the formation of O-H bonds (denoted as A-D) vs. SHE as a function of the number of reduced electrons when the PMo 12 O 40 ¹3 ion is in an acid. The situation in Fig. 4 (a) correspond to the redox potential A in Fig. 3 . The actual location of 2Hs is not necessarily the same as that shown in Fig. 4 (a) because other arrangements are also conceivable. From the value of the initial potential, the redox potential A seems to contribute to the mixed potential. Because of the low catalytic activity of PMO after CRT for the hydrogen oxidation reaction, the anode potential will be much higher than 0 V vs. SHE to increase the activation overpotential of the hydrogen oxidation current given by the Butler-Volmer equation. 37 The mechanism of hydrogen oxidation reaction is explicitly discussed in Section 3.2.2.
When the anode current further increases, the potential of PMO suddenly rises sharply. It is considered that oxidation current flows from the reduced state of PMO expressed by the following Eq. (3), that is, the electrochemical dehydrogenation of the original PMO.
Here, the sudden potential rise is thought to be due to the change of Mo oxidation number from 5 to 6, which is indicated by Eq. (3), from the reduced state to the oxidated state. The total amount of oxidation charge from the start of the sharp rise of anode potential to its saturation roughly agrees with the total charge of the oxidation current estimated from the amount of the loaded PMO. So, it is reasonable to assume that the range is mainly attributable to the PMO oxidation.
When the anode current decreases, the anode potential does not follow the same route, but instead becomes the starting point of hysteresis. The reason is that PMO reduction does not start immediately, and only the hydrogen oxidation current decreases.
When the total oxidation current further decreases, the potential of PMO sharply decreases below the redox potential A, and PMO is reduced by the following Eq. (4), that is, the electrochemical hydrogenation of the original PMO.
Here, the easy hydrogenation and dehydrogenation of the original PMO by simple cell current fluctuation may be the very facile Electrochemistry, 87 (6), 348-356 (2019) reaction between PMO and H + ions in solution. The hysteresis arises from the fact that they are all oxidized and then reduced together later. There is no report of hysteresis in the current vs. potential curve of free-form HPA floating in solution. 2 Although the reaction between PMO and H + ions is easy, the reason for the hysteresis is that the PMO is surrounded by activated carbon. The degree of freedom is lost to the activated carbon, and the distance between PMOs is small. It seems that the hysteresis observed in this study is caused by the interaction between PMOs, which are integrated and oxidized or reduced all together at the time of redox reaction. Although the true cause of the hysteresis is not completely clear at the present, the rapid potential change in the cell currentanode potential curve and the accompanying hysteresis in this study are caused by undesirable redox reaction of the original PMO through changing the oxidation number of Mo. Therefore, if the redox reaction of PMO can be suppressed, both the rapid change in potential and the hysteresis can be eliminated. The small currents due to the weak main oxidation reaction lead to the maximum attainable cell currents (MACC) being as low as 0.023 A, as shown in Fig. 4 . In the next paragraph (Section 3.2), the strongly reduced state of the sample after ERT with the hydrogen pump method after CRT is examined. Figure 5 shows the change of the anode potential, the cathode potential, and cell currents during the first ERT by the HP mode. By using the power supply to forcibly create an overvoltage, the potential of the PMO anode electrode was kept below that of the Pt cathode.
Catalyst during ERT 3.2.1 ERT by the HP mode
Because the current of ³1 A passed through an area of 6.6 cm 2 , and the anode potential was about ¹0.2 V vs. SHE (Fig. 5 ), the number of electrons passed should be proportional to the progress of the reduction. Based on the experimental data, the electrochemical reduction of the catalyst should be completed within 1 s. On the other hand, since the anode potential was ¹0.2 V vs. SHE and the electrodes were separated by the electrolyte (in which the current carrier is H + ), the next hydrogen reduction reaction (5) is expected to occur
Intense gas generation was observed at the PMO anode in the electrolysis mode, when a high external voltage was applied in the FC mode. Therefore, there is no doubt that H 2 generation occurred at the anode according to Eq. (5). A high current (corresponding to the flow of hydrogen ions) is generated at the beginning, because the PMO after CRT on the anode has some ability to generate H 2 , and it is followed by ERT even though the process was carried out at a low potential and for only a short time. Such quick improvement in the catalyst performance agrees with the report of Keita and Nadjo. 9 The short time for the onset of H 2 generation at the anode means that this cannot be attributed to the precipitation of Pt on the anode, which occurs much more slowly. 17 During the ERT, the oxidation of ambient hydrogen (reaction (2)) at the Pt cathode should occur near 0 V vs. SHE. However, the cathode potential in Fig. 5 is near 0.5 V vs. SHE. The upward shift of the cathode potential is attributed to the adsorption of hydrogen to form Pt-H ads , and the redox potential of Pt-H ads Pt + H + + e ¹ is 0-0.5 V vs. SHE. 43 By adding an estimated overvoltage of about 0.1 V for hydrogen oxidation, the cathode potential during the HP mode is explained. When the external potential is raised to increase the current, H tends to remain on the Pt surface and raise the potential. However, this potential increase is only temporary. 44 On the other hand, the 1% oxygen mixed in hydrogen may have contributed slightly to the upward shift of the cathode potential.
PMO anode potential during and near the end of ERT,
the proposed active sites, and their consistency Figure 6 shows the PMO anode potential after the first ERT and the Pt cathode potential as functions of the cell current measured by the FC mode at 20°C. The anode potential starts at near 0 V. Therefore, H 2 fuel was clearly oxidized directly by the catalyst after the ERT.
As described in Sections 1.1 and 1.2, assuming that the active sites exerting a hydrogen oxidation catalytic ability are the oxygen vacancies reported to be most easily generated on the PMO surface, there is no contradiction. As shown in Fig. 4(b) , oxygen vacancies are considered to be generated by H 2 O removal and located on the bridging O b . 22, 23, 32 At this time, the oxidation number of Mo on both sides of the oxygen vacancy is fixed at 5. This condition is important for an active site. As shown in Fig. 6 , after the first ERT, the hysteresis part corresponding to redox potential A disappeared. As can be seen from Fig. 3 , the reversible change of 2 Mo 6+ 2 Mo 5+ per catalyst molecule is related to the appearance of redox potential A. That is, if one oxygen vacancy per catalyst molecule is generated, 2 Mo 5+ can be fixed, and redox potential A will not appear since there is no way to handle hydrogen ions there. At the same time, the oxygen vacancy on O b position will work as an active site, contributing to the main hydrogen oxidation reaction. Thus, the anode potential of 0 V vs. SHE at 0 A appears to be replaced; the Electrochemistry, 87(6), 348-356 (2019) disappearance of the hysteresis by the redox potential A is wellconsistent when considered to be due to the formation of one oxygen vacancy on the O b position per catalyst molecule. The possibility that the anion and cation pair exposed on the surface by oxygen vacancy generation has the ability to catalyze hydrogen oxidation will be described in detail in Section 3.5. Fixing the oxidation number of Mo may play another major role at the active site, which has been discussed in Section 3.5. Returning to Fig. 5 , the anode potential during the first ERT is not very low, but the current is more than 1 A over an area of 6.6 cm 2 . This current should accompany the evolution of H 2 . The fact that such a large current occurs at merely ¹0.2 V vs. SHE shows that the catalyst during the ERT is extremely active. Therefore, the main oxidation reaction (2) at the active site occurs throughout Fig. 6 . With the increase of cell current in Fig. 6 , the hysteresis starts at around 0.01 A (6.6 cm 2 ). This hysteresis comes from the original parts of the catalyst as described above. In other words, it is attributed to the redox potentials B and C of the original catalyst. Since the contribution of the main oxidation reaction (2) is greater in Fig. 6 than in Fig. 4 , the MACC in the former (0.085 A) is much higher than the latter. When the performance of the anode catalyst is improved (i.e., a lower activation overvoltage) accompanying the current increase, the decreased cell voltage due to the increased current slows down, and the MACC of the I-V characteristic increases after all. If the other conditions of the fuel cell are the same, an improvement in the anode catalytic performance leads to an increase in MACC. Therefore, the MACC is a good indicator of the catalytic performance.
Earlier, we mentioned that the influence of redox potential A can be removed by removing one O atom per molecule. Therefore, it may be possible to remove the effects of B and C by further removing oxygens and fixing four more Mo 5+ with ERT. Accordingly, to reduce the hysteresis part in Fig. 6 , the anode potential was kept negative (vs. SHE) for 10 min during a second treatment, as shown in Fig. 7 . If the anode potential was kept for a period below nearly ¹0.1 V vs. SHE, the catalyst components corresponding to redox potentials B and C will be treated to create oxygen vacancies. Figure 8 shows the anode potential towards the end of ERT as a function of cell current. The hysteresis in Fig. 6 disappeared. Furthermore, compared to Fig. 6 , the anode potential hardly increased, due to the increase of the cell current. The MACC in Fig. 8 is 0.35 A, much higher than that in Fig. 6 . Therefore, the catalytic activity of hydrogen oxidation was increased. This result indicates that the introduction of oxygen vacancies fixes the oxidation number of Mo to 5, thereby eliminating the hysteresis in the redox potentials of B and C. At the same time, the Mo 5+ -Mo 5+ pairs on both sides of oxygen vacancies are believed to greatly promote hydrogen oxidation.
From all the cell current vs. anode potential characteristics, the following trend was observed. If the reduction treatment and the amount of produced oxygen vacancies are not sufficient, there is a hysteresis derived from undesirable hydrogenation and dehydrogenation of the original PMO, in which case the MACC is necessarily low. On the other hand, since the reduction treatment and amount of generated oxygen vacancies are considered sufficient, the MACC was certainly high in the absence of the undesirable hysteresis derived from the hydrogenation. This result is completely explained by considering that the amount of oxygen vacancies on PMO determines its anodic characteristics by the presence/absence of the hysteresis and changing the catalytic capability. If Pt is the main cause of catalytic activity, there should be no correlation between the MACC and the hysteresis derived from hydrogenation of the original PMO.
As shown in Fig. 7 , nearly 1.5 A of current (6.6 cm 2 ) is needed to completely treat the catalyst and keep the anode potential under ¹0.1 V vs. SHE. The Pt cathode potential decreased from 0.5 to 0.2 V vs. SHE ( Fig. 5 vs. Fig. 7 ). This may be due to the slightly reduced amount of H on Pt, as the strong current causes the temperature to rise slightly.
After a sample with good catalytic performance was left in the air for a long time, the anode potential was found to revert to its nearly initial state with hysteresis before ERT, showing the restoration of redox potentials of the original catalyst. The sample seems to be oxidized in air, which supports that the catalyst performance being due to oxygen vacancies. In addition, if Pt were the main cause of the catalytic activity, such results could not be obtained at all. Figure 9 shows the anode characteristics of PMO after the ERT, and the results compare favorably with that of the Pt catalyst under the same experimental conditions. The volume of PMO in Fig. 9 was about twice of that used for Fig. 8 . The reason for the almost identical MACC values in Fig. 9 and Fig. 8 is that there is the possibility that some PMO molecules in Fig. 9 do not touch the acid solution and therefore do not function at all as catalyst.
Comparison of PMO after the ERT with Pt anode catalyst
The condition of the anode in the measurement of Fig. 9 is close to the standard state with regard to H 2 . Therefore, a comparison with past reports of Pt is meaningful to demonstrate the reproducibility Electrochemistry, 87(6), 348-356 (2019) of our apparatus. The exchange current density i 0 (A/cm 2 ) for hydrogen oxidation on Pt catalyst can be roughly estimated by assuming that the increase in the anode potential equals the hydrogen overpotential in Fig. 9 . 35
Here, i is the cell current density, © is the overpotential, R is the gas constant, F is Faraday constant, T is the absolute temperature, L (mg Pt /cm 2 ) is the Pt loading per unit electrode area, and A pt,el (m 2 Pt /g Pt ) is the electrochemically available Pt surface area. 35 Assuming the actual Pt surface is 100 m 2 Pt /g Pt and utilized at 20% ratio, we estimate that A Pt,el = 20 m 2 Pt /g Pt . 45 From Eq. (6), i 0 is then calculated as ³8 © 10 ¹4 A/cm 2 . This value roughly agrees with the literature values reported by Wang et al. 46 This result indicates that there is no problem with the reproducibility of our apparatus.
It is difficult to calculate the exact exchange current density of PMO, because that requires information about the electrochemical surface area. Therefore, here we simply compared the catalytic ability per weight. From the result of Fig. 9 , the activity per weight for the PMO catalyst after the ERT is estimated to be about 20% that of Pt catalyst. Since this work is still ongoing and there is a possibility that the numerical value of activity will change further in the future depending on experimental conditions.
Here, we need to check whether the experimentally observed hydrogen oxidation in Fig. 9 is from PMO catalysis, or caused by Pt eluted from the cathode and then precipitated on the anode. The catalytic ability for hydrogen oxidation by Pt is almost proportional to the Pt surface area. Therefore, to obtain the results in Fig. 9 , the Pt on the anode should have a surface area about 20% of that on the Pt cathode (Pt loading: 0.9 mg/cm 2 ). Pt particles smaller than 1 nm on the cathode may dissolve at 0.6 V vs. SHE (cf. Fig. 5 ). However, assuming 2% of the particles on the cathode were 1 nm or smaller, the maximum ratio of Pt dissolution was calculated to be only about 0.1% of the total. 47 By supposing that the particle size does not change after precipitation, the surface area of all Pt precipitates on the anode was calculated to be only about 0.3% of the total surface area. Furthermore, since the dissolved amount of Pt 2+ is very small (<900 ng/cm 2 ), the rate of Pt crystal nucleation on the surfaces of the activated carbon and PMO catalyst is considered to be inhibited by H 2 generation on the same surfaces. Therefore, it is also unrealistic to expect the small amount of dissolved Pt 2+ to precipitate in a short time. These estimates fall far below the amount of Pt dissolution-precipitation (20%) needed to account for the experimental result. Hence, we conclude that the PMO after ERT is the only possible cause of hydrogen oxidation in Fig. 9 . This could provide definitive evidence that the hydrogen oxidation catalytic ability of the anode is not due to the presence of Pt at the cathode. The chemically reduced PMO was adsorbed on activated carbon at the anode. H 5 PMo 10 V 2 O 40 , which is a compound similar to PMO and reported to have a catalytic ability for oxygen reduction, 4 was adsorbed on activated carbon at the cathode. A voltage of 2 V or more was applied between the electrodes to conduct electrolysis. For the electrolysis at an applied voltage of ²2 V, it has been reported that the anode has a potential significantly lower than 0 V vs. SHE. 48 The equipment used here is the same as that used in the FC-mode measurement shown in Fig. 1 . During electrolysis, the supply of hydrogen fuel was stopped, but about 1 atm of hydrogen pressure was maintained at the anode. During the electrolysis, the generated gas bubbles, which seemed to be hydrogen, were observed at the anode where PMO is present. Since hydrogen is generated at the anode, the anode is maintained at a low potential of 0 V vs. SHE or less. Therefore, it can be considered that the electrochemical reduction of PMO in the hydrogen pump method is realized at the anode during electrolysis. In this method, Pt is neither used as the cathode material in the I-V measurement, nor is contained in the experimental apparatus. Therefore, there is no chance for Pt to participate in improving the catalytic performance of PMO. From the I-V characteristics before electrolysis in Fig. 10 , when PMO reforming was insufficient, the MACC was small, maximum voltage of the 0 A current was low, and hysteresis appeared simultaneously. The I-V characteristics before electrolysis in Fig. 10 were similar to that before ERT (Fig. 2) , where the anode was PMO after CRT and the cathode was Pt. Before electrolysis, the effect of the redox potential of the original PMO was observed and it is clear that the PMO only after CRT cannot fully exhibit hydrogen oxidation catalytic ability. On the other hand, as can be seen from the I-V characteristics after electrolysis in Fig. 10 , the results after sufficient electrolysis (cell voltage: 2-3 V; cell current: ³0.15 A; electrolysis time: 100 min) show a maximum voltage at 0 A and MACC without hysteresis. The transition before and after the electrolysis in Fig. 10 can be completely explained by the sole activation of the PMO anode (Figs. 2, and 5-8), which occurs when the cathode is composed of Pt. That is, the anode potential before activation was influenced by the original redox potential, yielding ³0.5 V vs. SHE. By removing the influence of the original redox Electrochemistry, 87(6), 348-356 (2019) potential, the anode potential significantly decreased to 0 V vs. SHE due to activation. Because the cell voltage, the difference between the cathode and anode potentials, becomes large (1.16 V) and close to the theoretical maximum value of the cathode potential of 1.2 V vs. SHE generated by H 5 PMo 10 V 2 O 40 , the MACC increases and the I-V characteristics are greatly improved. The fully electrolyzed cell is also shown in Fig. 10 operates as a H 2 -O 2 fuel cell having good performance with high MACC and no hysteresis. As detailed in Section 3.6, it seems that PMO was exposed to hydrogen generated at the anode during electrolysis, resulting in the formation of oxygen vacancies and an increased hydrogen oxidation catalytic ability. Therefore, it can be concluded that the PMO is well activated by the electrolysis method without using a Pt cathode. Because the cell current during electrolysis was 0.15 A, the amount of generated hydrogen was smaller than that obtained using the hydrogen pump method with a cell current value of approximately 1 A, so more time is required for reformation. Even the samples that exhibited good characteristics after electrolysis experienced deterioration in their characteristics upon prolonged exposure to air. If Pt were generating catalytic activity, such a phenomenon would never occur. The characteristics of the samples could be recovered by performing electrolysis. Hence, it strongly suggests that the oxygen vacancies are the cause of catalytic activity.
Pt
Possible reaction process of the reversible splitting of H 2
by PMO with oxygen vacancies at room temperature The dissociation of H 2 should be quite difficult. 49 Here, it is very meaningful to mention that hydrogenases also enable fast hydrogen oxidation at room temperature. 50 The [NiFe] hydrogenase can catalyze the reversible splitting of dihydrogen (H 2 H ¹ + H + 2H + + 2e ¹ ) by changing the electric potential in the neutral solvent at room temperature. In this case, H 2 dissociation is believed to occur through the low-barrier Q-bondtype metathesis mechanism. 26, 49, 51, 52 In the Q-bond-type metathesis mechanism, when reacting with dihydrogen, the oxidation number of the transition metal need not be changed because its coordination number remains the same by the cooperation with neighboring atoms, where the reaction goes through a four-center transition state and results in a heterolytic splitting of dihydrogen. 28 The Mo 5+ pair shown in Fig. 4(b) is very similar to the Ni-Fe active center of [NiFe] hydrogenase. 49, 51, 52 Both compounds have a clustered character with a low total number of atoms. In the case of hydrogenase, H 2 is trapped by metals and sulfur, while in the PMO with oxygen vacancies H 2 should be trapped by metals and oxygen. 49, 51, 52 There is the possibility that they have similar reaction modes for H 2 . Therefore, dihydrogen at oxygen vacancies on PMO is likely to react with the Q-bond-type metathesis mechanism. The reaction process by this mechanism can coexist with fixing the oxidation number of Mo by forming oxygen vacancies on PMO, because the oxidation number of Mo does not change in the process and the redox reaction can be suppressed. As a result, this mechanism leads to no trace due to oxidation number change of Mo in the cell current vs. anode potential characteristic of the PMO with oxygen vacancies. The PMO catalyst with oxygen vacancies will become more desirable without hysteresis by the reaction mechanism.
HPA is a strong Brønsted acid, so that hydrogen on O b can be easily moved into the solution as H + . HPA with oxygen vacancies may enable the reversible conversion of H 2 into H ¹ and H + at room temperature, similar to the electrochemical process observed in [NiFe] hydrogenase.
3.6 Possible mechanism of forming oxygen vacancies on PMO Regarding the mechanism of the chemical and electrochemical treatment, to the best of our knowledge there has been no reports of the formation of oxygen vacancies on PMO via chemical or electrochemical reduction in liquid electrolyte at room temperature. In this study, although H 2 was fed through both electrodes in the HP mode, the situation of the negative electrode is the same as that in other works, with the important difference being the intensity of the reducing current. The large reduction current corresponding to hydrogen evolution shown in Fig. 5 and Fig. 7 passing through the anode contributed the most to the catalyst performance. In the ERT by electrolysis, the current flowing through the anode was small, so more time was required to sufficiently reform. However, the heat generated near the anode could not have directly evaporated H 2 O to generate oxygen vacancies in PMO, since we did not observe a notable rise in the anode temperature during the HP mode.
Another possibility is that high-energy H 2 molecules with translational energy >³0.5 eV will convert -O-H to H 2 O, whose elimination could most easily generate oxygen vacancies at room temperature ( Fig. 4(a) and (b) ). The probability of hydrogen with energy >0.5 eV at room temperature can be estimated through the Boltzmann factor to be ³10 ¹9 , while a simple calculation shows that about 10 3 high-energy hydrogen atoms are needed to create one oxygen vacancy per catalyst molecule in our experiment. According to the conservation of momentum, a H 2 molecule with 0.5 eV of energy will transfer ³0.055 eV to the H 2 O molecule, which is 9 times as heavy as H 2 . This energy of H 2 O translates to a temperature of 640 K, meaning that these H 2 O molecules can easily evaporate from the catalyst surface. In this mechanism, oxygen vacancies are formed in a short time, so it is not surprising that the catalyst potential quickly reaches the hydrogen evolution potential. According to Keita and Nadjo's experimental results, maintenance of the potential at ¹1.2 V vs. SCE for a short time led to intense evolution of H 2 from the obtained HPA. 9 This maintained potential not only promotes the condensation of HPA onto the carbon substrate, but also induces O-H formation on HPA and H 2 evolution on the carbon. The produced H 2 causes oxygen vacancies to form on HPA in a short time. As a result, these authors' results are explained by considering that oxygen vacancies on HPA lead to strong H 2 evolution.
As Savinov et al. reported, hydrogen evolution due to the reaction of metal dissolution in the acid was observed during CRT. 8 At that time, hydrogen may collide with HPA to form oxygen vacancies. Since H 2 generation during CRT is on a small scale, much less oxygen vacancies are produced in this case than that during ERT. As a result, CRT could not sufficiently suppress the hysteresis derived from the redox potential of the original PMO, and it could also not fully activate the catalyst, as shown in Fig. 2 .
However, detailed investigations should be carried out to further clarify this issue.
Conclusions
We report the first successful case of enhancing the catalytic activity of PMO by CRT and subsequent ERT with the hydrogen pump method, and its utilization as anode catalyst in fuel cells at room temperature. The reduction treatment process and mechanisms of the H 2 oxidation and evolution reactions over the catalyst after the reduction treatment are briefly discussed. Since it is impossible for Pt to participate in the CRT, and the ERT by the hydrogen pump method occurs at low potentials and for only a short time, the catalytic effect is unlikely to be caused by Pt precipitation in the vicinity of the PMO catalyst. The PMO after CRT displayed a hysteresis in the anode potential curve, in association with undesirable redox reaction (the electrochemical hydrogenation or dehydrogenation) of the original PMO. This hysteresis decreased during the ERT, and the ability of the catalyst for H 2 oxidization increased. The hysteresis disappeared when the ERT was complete.
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